Porphyry Cu±Mo±Au Deposits
Porphyry copper deposits include porphyry Cu±Mo±Au deposits in which copper is the chief economic metal. These deposits are large, ranging from <0.1 Mt (megatonnes) to >90 Mt contained copper, with ore grades ranging from <0.2 to >1.2 wt.% Cu with variable amounts of Mo and Au. The largest single deposit, albeit formed in multiple temporally spaced hydrothermal events introduced over several million years, is the El Teniente deposit, Chile (~96 Mt contained Cu), and perhaps the largest single hydrothermal event (<100,000 years; von Quadt et al., 2011) is the Bingham, Utah, CuAu orebody (~28 Mt contained Cu). Porphyry copper deposits can be subdivided according to the tonnage of contained copper: <0.1 Mt Cu (small); 0.1 to 0.3162 Mt Cu (moderate); 0.3162 to 1.0 Mt Cu (large); 1.0 to 3.162 Mt Cu (very large); 3.162 to 10 Mt Cu (giant); 10 to 31.62 Mt Cu (supergiant); >31.62 Mt Cu (behemoths; Clark, 1993 and Cooke and Hollings, 2005) .
In well-exposed porphyry deposits, a deep source intrusion, commonly estimated at >50 km 3 but as much as 500 km 3 (Ruby Star Granodiorite: Stavast et al., 2008; El Abra Fiesta Granodiorite; Brimhall et al., 2006; Dilles et al., 2011) that is an equigranular granitoid is commonly exposed (see Burnham, 1979) . These intrusions range from quartz diorite to granite to monzonite, and span the range from Na-rich to K-rich calc-alkaline to alkaline. Most intrusions are metaluminous, but some are weakly peraluminous or near the boundary of metaluminous to peralkaline (Seedorff et al., 2005) . The deep granitoid is the source of porphyry dikes of identical composition but with a porphyritic texture characterized by ~50 vol.% fine-grained groundmass that is commonly <0.1 mm in grain size, granitic in composition, and aplitic in texture. Such aplite represents a pressurequench via water-vapor loss on ascent of magma at relatively low temperature (~700°C) (Burnham, 1979; Dilles, 1987) . At Yerington and several porphyry deposits in the southwest of the USA, such porphyry dikes can be observed to grade downward into the deep granite, and moreover that younger dikes are more deeply sourced and cross-cut older dikes with slightly coarser groundmass (Dilles, 1987) .
The formation of large and giant porphyry copper deposits requires the release of a large mass of magmatic-hydrothermal fluid from the source intrusion. This can be estimated by calculating the mass required to form the amount of quartz added in veins by hydrothermal fluids. To form the quartz veins observed in the Ann-Mason deposit in the Yerington district, 11 Mt of silica had to be transported by the hydrothermal fluid. This requires the release of 2.6 Gt of magmatic water from the Luhr Hill granite (Anne Schopa and John Dilles personal communication and Schopa et al., 2017) . According to Dilles (1987) , the Luhr Hill granite volume can be estimated in 80 km 3 of magma or 200 Gt. The water content of the granite is ~ 4 wt. %, therefore, the granite hosted ~ 8 Gt of magmatic fluid. The amount of Cu lost from the 200 Gt Luhr Hill granite was estimated in 50 ppm, therefore, the 8 Gt of released fluid could have form up to 10 Mt of Cu. This estimate suggests that the released fluids from the granite may have formed the ~ 8 Mt PCD ore hosted in the district. In summary, at least 2Gt of fluid are required to form ~4Mt of Cu-ore.
As reviewed by Seedorff et al. (2005) , porphyry deposits may form at a variety of depths in the upper crust ranging from as shallow as ~1 km for copper mineralization (e.g., Batu Hijau, Yerington Mine) to ~10 km (e.g., Butte, Montana; 6-8 km). Shallow deposits are characterized by "A" type granular quartz-sulfide veins, whereas deep deposits lack these veins but instead contain early dark micaceous (EDM) veins as at Butte (Proffett, 2009) . Shallower deposits likely form at slightly lower temperature and presumably may cool more quickly after fluid flow ceases. The range of observed hydrothermal temperatures in such deposits ranges from ~700°C at Butte (Brimhall, 1977; Field et al., 2005; Rusk et al., 2006; Mercer et al., 2013) to about 300°C for late base metal veins associated with strong sericitic alteration (e.g. Rusk et al., 2008; Landtwing et al., 2005) . Oxygen and hydrogen isotopic data suggest that all hydrothermal fluids that produce K-silicate and sericitic alteration are magmatic in origin at temperatures of 700 to 350°C (Harris and Golding, 2002; Zhang, 1995) , consistent with thermal models of fluid flow (Weis et al., 2012) .
The Haquira East Porphyry Copper Deposit
The Haquira district contains two known porphyry copper centers. Haquira East is the focus of this study (-14.164877º, -72.345922º) , and is the subject of the PhD thesis of Cernuschi (2015) . Haquira East is a relatively large porphyry copper deposit with minor Mo and Au that contains measured, indicated, and inferred resources of 689 Mt ore containing 4.2 Mt Cu (~9 B lb), about 37,000 t Mo, and 28 t (0.9 M oz) Au (Antares, 2010) . Haquira East is a relatively typical, but also a relatively deeply formed, porphyry copper deposit. A variety of evidence suggests Haquira formed at relatively great depth for a porphyry deposit. "A" type quartz veins are rare, and EDM veins are the largest contributors to Cu grades (Proffett, 2009; Cernuschi et al., 2012) . Late, low-temperature ~350 °C D pyrite-quartz veins with sericitic selvages and late <300 ºC pyrite veins with intermediate argillic alteration are rare (affecting <5% of the granodiorite porphyry stock). All observed fluid inclusions contain liquid and a moderate-sized vapor bubble, and were therefore trapped in quartz veins that formed at pressures greater than those that lead to fluid immiscibility (i.e. in the single-phase field); there are no observations of brine or vapor-rich inclusions indication fluid immiscibility. These inclusions were therefore trapped at >1.4 kb pressure. Fluid inclusion heating / freezing experiments provide homogenization temperatures and bulk salinities, which may be used together with appropriate P-T isochores, and comparison with Ti-in-quartz and phase petrology temperature estimates to estimate trapping pressures of between 1.6 kb and 3 kb at nearlithostatic pressures (Cernuschi, 2015) . The fluid inclusion population more closely resembles the population at Butte, Montana where liquid plus vapor fluid inclusions dominate. However, at Butte fluid inclusions with trapped brines and vapors are rarely observed, and indicate that some fluid un-mixing occurred. Therefore, it is likely that Haquira East was emplaced at a greater depth than Butte where Rusk et al. (2008) estimated pressures of 2.0 to 2.5 kb for high temperature veins and a depth of emplacement of ~8 km.
Hydrostatic conditions must have prevailed at low temperatures below ca. 300-400°C in a zone that initially was above the Haquira East porphyry deposit but extended into the ore zones during formation of the late stage sericitic alteration and even later intermediate argillic alteration.
Moreover, geologic considerations also indicate great depth. Hornblende barometry of the nearby exposed and shallower Acojasa granodiorite pluton yields a pressure estimate of ~ 2 (±0.5) kb (Cernuschi, 2015 , and references therein). The Acojasa and other associated intrusions are inferred to be concealed at depth below the metasedimentary succession that is preserved at Haquira East and are likely the source of the granodioritic stock, dikes and magmatic-hydrothermal fluids. One-kilometer deep drillholes did not reach the top of the inferred source intrusion below it. Therefore, the lithostatic pressure during the emplacement of Haquira East could have been > 2 kb. Furthermore, hornblende barometry of other intrusions in the Andahuyalas batholith at the Coroccohuayco Cu-skarn/porphyry deposit (Tintaya cluster) also yield high pressure, ranging from 1.4 to 2.4 Kbar (Chelle-Michou, 2013) .
Nonetheless for purposes of this manuscript, we use conservative estimates of ~1.4 kb lithostatic pressure for high temperature hydrothermal conditions that transition to close to hydrostatic pressures at ~1.1 kb. Quartz phenocrysts (except the bright-CL rims) formed in an underlying magma chamber, so they likely formed at 2-3 kb pressure.
The Haquira East deposit is hosted in a granodiorite porphyry plug that intrudes a folded and ductile deformed quartzite sequence. Hydrothermal banded molybdenitequartz (BMQ) veins cutting the quartzite are locally folded, and hydrothermal biotite in the porphyry plug is aligned into a foliation by deformation. This deformation does not affect the last porphyry dikes, which has an isotopic age that is indistinguishable from the earlier porphyries. Therefore, deformation was ongoing during porphyry emplacement, and suggests significant depth and >350°C for the rocks surrounding the deposit. As muscovite has a closure temperature to Ar diffusion of ~325-350°C (depending on grain size), the Ar age of muscovite yields 33.18 ± 0.21 Ma (Cernuschi et al., 2013) .
Extended Methods

Secondary Electron Microscope Cathodoluminescence (SEM-CL)
SEM-CL images of 30 and 200 μm thick polished sections were obtained at the Oregon State University Microscopy facility using a FEI Quanta 600FEG with a Gatan mini-CL detector with a wavelength range between 185 and 850 nm. Images were obtained while operating the instrument between 10 and 15 KeV, a spot size of 6 μm, scanning time between 50 and 200 μs and resolution of 1024x884 pixels. Thin sections were carbon coated or gold coated (< 100 nm thick) prior to the analyses. Gray scale profiles were obtained using NIH ImageJ software. For each profile the gray line shows the raw gray scale data and the black line represents a smoothed profile calculated by ImageJ. The smoothed profile is calculated by averaging contiguous pixel scale CLintensity variations and is considered a better representation of the gray scale variations at the micron scale.
Electron Microprobe (EMP)
Titanium and aluminum in quartz on the thin section samples previously imaged by SEM-CL were obtained at Oregon State University using a CAMECA SX-100 Electron microprobe (EMP), by simultaneously collecting Ti x-rays on one LPET and two PET diffracting crystals, and collecting Al x-rays on one TAP and one LTAP diffracting crystals, a 15 keV accelerating voltage, a 200 nA beam current, a 1 um spot diameter and 600 second counting times on peak and 300 seconds on each background peak. Ti and Al detection limits of 13 ppm are calculated using three standard deviations of the counting rate for the background (3 sigma). With multiple diffraction crystals, this is the equivalent of 1800 seconds on peak and 900 seconds on each background peak for Ti, and 1200 seconds on peak and 600 seconds on each background peak for Al. We used rutile and as the primary standards for Ti and Al, and analyzed a Shandong quartz as a secondary standard (Shandong, Audétat et al., 2014) routinely for Ti and Al concentrations between analyzes of unknown samples (Table A1) . We obtained 58 ± 6 ppm Ti and 133 ± 7 ppm Al for 18 analyses of Shandong, which is comparable to the 57 ± 4 Ti ppm and 154 ± 15 ppm Al reported by Audetat et al. (2015) .
Laser Ablation Inductively Coupled Plasma Mass Spectroscopy (LA-ICP-MS)
The LA-ICP-MS analyses at Oregon State University were obtained by using a Photon Machines Analyte G2 laser operating at 7 Hz with a 85 µm fixed spot and drilled to ~ 20 µm depth (Loewen and Kent, 2012; Dumitru et al., 2013) . The total number of laser shot was 225 per analysis, with a pre-ablation shot count of 2. A He-Ar gas carried the ablated material to the plasma chamber and then into a Thermo XseriesII Quadrupole mass spectrometer, where the following elements were analyzed:
Pb. Trace element concentrations were standardized to NIST-612 (Jochum et al., 2011), and 28 Si in stoichiometry quartz as an internal standard, using an Excel application (LaserTram, Kent et al., 2004) . Spot analyses that included melt or fluid inclusions or accidental analyses of other minerals (i.e. sericite in D veins) were discarded by monitoring P, Al, Si, K, Sr, Rb. NIST-616 (Jochum et al., 2011) was analyzed in between unknowns as a secondary standard. Based on the reproducibility, 49 Ti was preferred over 47 Ti and 48 Ti and yields a detection limit of 0.2 ppm Ti (3 sigma on background, Table 2 ).
Secondary Ion Mass Spectrometer (SIMS)
In situ SIMS δ
18
O measurements were made on the CAMECA IMS 1280 ion microprobe at the University of Wisconsin-Madison WiscSIMS lab. Values standardized with bracketing analyses of UWQ-1 quartz standard ) are reported in per mil (‰) relative to V-SMOW with spot-to-spot precision of <0.3‰ (see Supp. 4: Table DR4 ). Oxygen isotope measurements were collected along several traverses with a 1.7-1.9 nA Cs + primary beam. Analyses spots were ~10 μm diameter and 1 μm deep. Operating and analytical conditions are described in detail by Kita et al. (2009); Valley and Kita (2009); and Ferry et al. (2010) . Secondary O data were corrected to VSMOW using 83 measurements of UWQ1 during the run with a mean of 5.75‰, and errors of 2SD = 0.44‰, and 2SE = 0.05‰. These standard procedures are described by Ushikubo et al. (2012) ; Nakashima et al. (2013) and Tenner et al. (2013) and Ferry et al. (2014) . (Table  DR3) .
TitaniQ geothermometry
Formation temperatures were estimated by TitaniQ geothermometry of Huang and Audétat (2012).
Ti activity was estimated as 1 for the hydrothermal quartz based on the presence of rutile in quartz veins, and as 0.65 for magmatic quartz based on estimates for analogous arc rocks (Walker et al., 2013) . Experimental wet diffusivities are available at temperatures that overlap only with the upper range of porphyry hydrothermal quartz precipitation: 648 -1200 °C for Ti (Cherniak et al., 2007) and 515 -850 °C for oxygen under hydrothermal conditions (Dennis, 1984) . The Arrhenius equation and experimentally determined activation energies for diffusion parallel to the c-axis of quartz were used to model diffusion perpendicular to growth zones of quartz, which are mainly on { } pyramidal faces. 
Diffusion Calculations
Chi-Square goodness-of-fit test
Chi-Square ( 2 ) is a standard statistical test (Borradaile, 2003) that can be used to evaluate how well a model reflects the data. We used this test to evaluate how the measured Ti and/or O contents compare with those which would be expected under the fitted diffusion model. In this way, the Chi-Square test provides an objective tool to select the model that best fits the data, instead of selecting the preferred model by a traditional and more subjective visual fit of the model to the data. The preferred model was selected in order to minimize the Chi-Square using the formula:
Whereas a small Chi-Square statistical test value means that the observed data fits the expected data well, a large Chi-Square statistical test means that the observed data fits the expected data in a poor manner. The absolute number of the Chi-Square test statistic has no intrinsic meaning; therefore, the goodness of fitness cannot be compared between models on different samples.
The Chi-Square test was also used to evaluate the error of each diffusion model. Minimum and maximum timescales (also expressed as ± errors of the preferred timescale), were estimated using the range of "acceptable" good fitness. The "acceptable" good fitness range is the range of timescales with similar calculated sum of Chi-Square. Outside this range, the sum of Chi-Square increases rapidly. The acceptable range can be visualized as inflexion points in the curve that results from plotting the sum of ChiSquare versus estimated timescales. Figure DR2 . Cross-section 1200NE (Cernuschi, 2015) showing location of analyzed samples in relation to the copper mineralization (>0.5 wt.% Cu) and K-silicate alteration illustrated by the extent of hydrothermal biotite after hornblende. The location of the cross-section is shown in Figure DR1 . Figure DR8 ). Most of the measured distances from a SIMS-spot to the closest fractures or dissolution band are <20 μm (black dots). Partial re-equilibration can be achieved in ~1,000 years if fluid migrated through fractures spaced every 20 μm (green line). Some SIMS-spots are further away from fractures or dissolution bands. For these spots, the distances range from 20 μm to 60 μm (gray dots). These distances may be overestimates, if we assume that closely spaced fractures are present in other directions than in the observed surface. A partial re-equilibration of the quartz to the maximum measured distance to fracture (~60 μm) requires ~10,000 years (orange line). B) Modeled diffusion timescales versus temperature of diffusion used in the model at a fixed Sum of 2 the 10,000 year model. The grey box shows the range of calculated diffusion timescales. The maximum timescale is the preferred. Tables   Table DR1. Table DR5. PORPHYRY AND VEIN FORMATION TEMPERATURES  BASED ON PHASE EQUILIBRIA, TITANIQ GEOTHERMOMETER AND  FLUID INCLUSION DATA   Table DR6 . DIFFUSION TIMESCALES.
T (ºC) αTiO2
Igneous ( Table DR7 . LINEAR COOLING SUMMARY.
*Linear Cooling Calculation: Linear cooling is estimated using the formulation and equations of Watson and Cherniak (2015) . See details in page 7. For each diffusion profile, the slope of the diffusion profile, So, was calculated the midpoint of the diffusion profile. The intercept of the slope with the upper Ti concentration (Ch) and lower Ti concentration (Co) at infinite distance provides a diffusion length, d (m) (see Fig. 1 of Cherniak and Watson, 2015) . Using the measured diffusion length, So (%/m) = [100%/d (m)]*10exp(-6) m/m. The cooling rate (°/s) (shown above in °C/yr and °C/1000 yr) can be solved by iteration using the diffusivity parameters (Ea, Do) for Ti and O in quartz and the initial temperature from the observed log(So) using the equation of Watson and Cherniak (2015) . The total time (yr) from estimated initial to final temperature of each Stage can then be calculated. Note that for cooling from initial magmatic temperatures (~700°C) to low temperature hydrothermal conditions (325°C), we choose 700-600°C for Stage 1 and 475-375°C for Stage 3. This allows continual thermal cooling (without overlap or gaps in temperature intervals). Nonetheless, during each of these individual cooling intervals (Stages 1 to 4), there may have been one or more heating events followed by cooling, and the modeled linear cooling rate in the interval therefore represents an average cooling rate for the interval. Total cooling time estimates using linear cooling are less than isothermal cooling because diffusion occurs most rapidly at higher temperatures of the cooling interval (this also means that we can neglect diffusion at lower temperature stages, i.e., diffusion in Stages 2, 3, and 4 has negligible effects on the diffusion profile established in Stage 1 (700-600°C). Cooling rates using these estimates are relatively uniform at 2.5 to 6.7°C/1000 yr, excepting the 0.7°C/1000 yr Stage 4 estimate for the 43 m wide diffusion profile. This latter is considered likely to be too low a cooling rate, as convective cooling by groundwater will likely accelerate cooling below 375°C; alternatively, regional cooling at great depth at Haquira may cause a slowing of cooling rates to 2.5 °C/1000 yr. Therefore, linear estimate #3 (152,700 yr) is not likely, and estimates #1 and #2 provide a minimum and maximum cooling time from 675-700°C to 325°C. We note that the three time estimates of 14,900 to 27,600 yr for Stage 1 provide an estimate for the duration of magmatic intrusions associated with the Cu-Mo ores. O of the magmatic water. Depending on the fractionation factor used, the possible values for water range from ~7.5 to 8.0 ‰ to yield the observed δ 18 O of quartz at temperatures that are estimated independently from TitaniQ, fluid inclusion data and phase petrology. Note that since the EDM and B vein quartz appears to have partially re-equilibrated at ~ 450 ºC, the calculations of magmatic water composition are based on the ~450 ºC and ~350 ºC D vein quartz. We assume that a single composition of magmatic-hydrothermal fluid produced all veins from high to low temperature (BQ to D veins), as proposed by Reed et al. (2013) . It is not possible to assess whether the δ 18 O of the magmatic water changes from one fluid input to another. However, this seems unlikely given that the composition of the intrusions in porphyry copper deposits is relatively fixed. Where the roots of other large porphyry copper deposits can be observed (e.g. Yerington, Dilles, 1987) , they are underlain by a source granite that has uniform composition. The intrusions range from tonalite to granite, but at Haquira East are presumed to be granodiorite as this is the composition of the Haquira stock and the porphyry dikes. It is also not possible to assess whether the δ 18 O of the water is significantly modified from the magmatic value by water-rock exchange between ~700 °C magmatic temperatures and the ~450 °C temperatures at which we calculate the quartz-water fractionation factor and water composition. However, it is unlikely that the magmatic water changed significantly on the basis that the quartz vein volume is very high (3 to >10 vol. %) and therefore the water : rock ratio was also high. Quartz solubility changes suggest that ~1000 ppm quartz would be precipitated during cooling, so this would require ~1000:1 water mass to vein quartz mass precipitated (Fournier, 1985) . Furthermore, the water is ascending from the magma quickly by hydrofracturing the wall-rock and therefore quickly depressurizing and cooling along a path that is close to adiabatic. Therefore, it is unlikely that at >350°C there is any meteoric water that mixes with the magmatic fluid (cf. Weis et al., 2012) 
